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Abstract 


The 2.5m wide-field and high-resolution solar telescope (WeHoST) is currently under developing for solar 
observations. WeHoST aims to achieve high-resolution observations over a super-wide field of view (FOV) of 
5’ x 5’, and a desired resolution of 0.3”. To meet the scientific requirements of WeHoST, the ground-layer adaptive 
optics (GLAO) with a specially designed wave front sensing system is as the primary consideration. We introduce 
the GLAO configuration, particularly the wave front sensing scheme. Utilizing analytic method, we simulate the 
performance of both classical AO and GLAO systems, optimize the wave front sensing system, and evaluate 
GLAO performance in terms of PSF uniformity and correction improvement across whole FOV. The results 
indicate that, the classical AO will achieve diffraction-limited resolution; the suggested GLAO configuration will 
uniformly improve the seeing across the full 5’ x 5’ FOV, reducing the FWHM across the axis FOV to less than 
0.3” (A > 705 nm, ro > 11 cm), which is more than two times improvement. The specially designed wave front 
sensor schedule offers new potential for WeHoST’s GLAO, particularly the multi-FOV GLAO and the flexibility 
to select the detected area. These capabilities will significantly enhance the scientific output of the telescope. 
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1. Introduction 


Ground-based telescopes are widely used for astronomical 
observations. Astronomers suggest building large-aperture 
telescopes because of their excellent photon-gathering and 
imaging capabilities (A/D, A-imaging wavelength, D-telescope 
aperture). However, the image quality of telescopes is still 
deteriorated by atmospheric turbulence, even under the super 
seeing condition, the achievable angular resolution by any 
arbitrarily large telescope operating in the visible band is 
limited to that of a 0.2m telescope (Rigaut 2015). Adaptive 
optics (AO) is introduced to reduce this turbulence-induced 
effect as well as to improve the quality of observation images 
(Rao et al. 2016a; Wei et al. 2016; Deqing et al. 2022; Guo 
et al. 2022). In contrast to classical AO that restores bad seeing 
to the diffraction limit in a narrow field of view (FOV) (Rao 
et al. 2016b), multi-conjugate adaptive optics (MCAO) 
typically can provide diffraction-limited imaging over an 
extended FOV, typically encompassing up to 1’. One of the 
first applying solar MCAO was performed at the Vacuum 
Tower Telescope, and an improved FOV of 30” was obtained 


with a sensing field in 40”. MCAO developed for GREGOR 
uses 19 subfields in 68” x 68” to reach a FOV of 1’ (Dirk et al. 
2014). MCAO at DST increases the isoplanatic patch to 40”— 
45" within the 1.25’ full FOV, using five guide regions of 
10” x 10” field in the visible light regime (Rimmele et al. 
2010). More recently, NST MCAO (CLEAR) has the 
maximum FOV of 53” utilizing 3 x 3 guide regions in 35” 
(Schmidt et al. 2017). Also, experiments with MCAO are 
performed at the 1 m New Vacuum Solar telescope (NVST), 
with five selected guiding regions within 60” x 52” field to 
reach an FOV of 60” (Rao et al. 2018). Theoretical simulation 
of the future EST MCAO system using five DMs and 19 guide 
stars (GS) in 70” shows a corrected FOV of 60” at the 550 nm 
visible wavelength (Femenia-Castella et al. 2022). DKIST 
MCADO is expected to provide the highest spatial resolution in a 
FOV as large as 60” (Schmidt et al. 2022). 

Compared to MCAO, ground-layer AO (GLAO) would 
obtain lower resolution but larger fields and more uniformity, 
rather than achieving complete compensation within small 
regions (Rigaut 2002; Kovadlo et al. 2020; Zhong et al. 2020; 
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Yang et al. 2023). GLAO uses a single deformable mirror 
(DM) conjugated to the most intense near-ground turbulence 
layer. Since the turbulent areas experienced by different lines of 
sight almost overlap at the low-altitude layer, GLAO will 
extract the wave front error arising from the near-ground 
turbulence layer by averaging the wave front aberrations across 
multiple lines of sight, achieving wide-field and uniform 
correction. For solar observation, the near-ground turbulence 
layer is much stronger during the day due to heating of the 
ground by direct sunlight. At a typical telescope height of 
20—40 m above ground, typical Fried parameters are of order 
10 cm (500 nm) at an excellent site (Rimmele & Marino 2011), 
which renders the GLAO system highly alluring. GLAO has 
gradually become an independent technology instead of a by- 
product of MCAO. GLAO aims to uniformly improve image 
quality over potentially the largest working FOV. Night GLAO 
provides partial correction over a FOV up to 10’ (Jia & 
Zhang 2013). In contrast to night astronomy, where most 
GLAO systems presently under development require the use of 
laser GSs, the Sun, as an extended object, provides an infinite 
number of guide references, thus facilitating the development 
of solar GLAO. On the other hand, the extended sources results 
in the use of large format wave front sensor (WFS) cameras and 
a much higher computational load. Due to progress limitations 
imposed by the commercial cameras and hardware, the FOV 
for solar GLAO typically ranges from 1’ to 2’. The GLAO of 
DST averages the wave front distortions over 42” x 42” and a 
correction is good out to about 1/5 in the visible band, but 
uniformity; the FOV corners at 2’ display significantly lower 
resolution (Rimmele et al. 2010). The NST GLAO has high- 
resolution-imaging results over the 53” x 53” field in 705.7 nm 
(Schmidt et al. 2017), and experiments show that the GLAO 
correction is affected by variable vertical turbulence distribu- 
tion. The tested GLAO of the 1.8m Chinese Large Solar 
Telescope provides a homogeneous image detail of the solar 
photosphere and chromosphere with a corrected FOV of 110” 
in three wavelength channels (G-band, Ha line, and TiO band) 
(Rao et al. 2020). Up to now, there is only one professional and 
dedicated solar GLAO system, NVST, used as a regularly 
operating instrument for scientific observations with 3 x 3 
guide regions in 42” x 37”, which achieves a high-resolution 
and uniform correction in 80” at the TiO band (Zhang et al. 
2023). Their experiment results show that the correction is 
obviously related to the detected guide region in WFS, whereas 
the effect in the area outside the detecting FOV is 
inconspicuous. The correction uniformity closely depends on 
the layout of guide regions. 

Solar physics research requires observations of magnetic 
features over a wide FOV typical scales of solar active regions 
range from 1’ to 3’, even approximately ~6’ for sigmoids and 
large filaments (Aulanier & Schmieder 2002; Masson et al. 
2009; Canou & Amari 2010). GLAO offers the possibility of 
improving the seeing of large ground-based telescopes and 
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increasing the efficiency and uniformity of observations over a 
wide FOV. However, the current FOV of existing GLAO 
systems with only 1/—2’ of coverage is far from sufficient for 
observing the multi-scale structures in the solar atmosphere. 
The 2.5m wide-field and high-resolution solar telescope 
(WeHoST) is currently undergoing manufacturing. The 
scientific requirement of WeHoST is to obtain high-resolution 
solar images within a large FOV of 5’ x5’ with a desired 
resolution of 0.3” (Fang et al. 2019). The unprecedented FOV 
introduces novel opportunities and challenges. Based on the 
desired super-wide FOV and resolution below the diffraction 
limit, the GLAO system is first considered. Although MCAO 
can provide higher resolution, the FOV size corrected by the 
current MCAO system is difficult to meet the scientific 
requirements for WeHOoST, capturing such a large FOV of 5’ 
for solar observations remains a significant challenge. Com- 
pared to MCAO, GLAO would obtain lower resolution but 
larger fields. The excellent results of previous GLAO (Chuna 
et al. 2017; Zhang et al. 2023) make GLAO particularly 
attractive for WeHoST. The GLAO is chosen as the final 
preliminary optical instrument consideration for WeHoST. 
Night-time astronomical observations are performed in the NIR 
band, compared that, solar observations are imaging in the VIS 
band and have higher system requirements. 

The desired FOV of 5’ x 5’ is not an easy task for solar 
observations. Actually, the maximum FOV for GLAO- 
corrected observations depends on the detected FOV, however, 
there are no commercially available detectors that could detect 
within the super-wide scientific FOV. The primary task for 
GLAO of WeHoST would be the super-wide scientific FOV. 
Secondly, the size of the effective corrected FOV is sensitive to 
the thickness of the compensated turbulence layer in GLAO. A 
thin ground layer allows a larger FOV to be corrected. 
However, when the target FOV is too large, the wave front in 
the direction of each GS will be more effectively compensated 
due to atmospheric anisoplanatism, which will lead to a 
nonuniform correction over the whole field. With the finite 
number of guide areas and the limited WFS FOV, optimizing 
the guide areas for better detection accuracy and correction 
consistency is crucial. The homogeneously improved image 
quality over a wide field is required, particularly in the case of 
accurate magnetic field topology studies(Molodij & Aulanier 
2012). Accordingly, solar observations in WeHoST also need 
spatial uniformity correction. 

In this paper, some key issues for the wide-field GLAO 
system configuration are discussed, and a prediction of the 
solar GLAO performance of the WeHoST is provided. 
Section 2 discusses GLAO components for WeHOoST, particu- 
larly the wave front sensing system, also the atmospheric 
turbulence parameters. Section 3 briefly describes the PSF 
estimation based on the spatial filtering analytic theory. In 
Section 4, we optimize the wave front sensing system and 
analyze the relationship of GLAO performance with some key 


Research in Astronomy and Astrophysics, 24:035018 (13pp), 2024 March 


system specifications, including the position and size of 
detected subfields, and the position and number of GSs, the 
number of DM actuators, and the imaging wavelength; and the 
final GLAO configuration is suggested. Section 5 draws the 
conclusion. 


2. GLAO for WeHoST 
2.1. Preliminary Considerations of GLAO for WeHoST 


WeHoST has many scientific objectives, including direct 
imaging of solar active regions, wide-field observing of large- 
scale solar eruptions, such as solar flares and coronal mass 
ejections, a high-accuracy survey of brightness field, vector 
velocity field, and magnetic field in the solar atmosphere. These 
scientific missions determine the performance requirements of 
the GLAO. The full width at half maximum (FWHM), which is 
defined as the width of the celestial coordinate range where less 
than half of the optical power from the star is attenuated, is 
commonly employed to evaluate the residual PSF delivered by 
GLAO. According to the scientific requirements, the WeHoST 
plans to have the FWHM of 0.3” across a 5’ x 5’ field with the 
help of GLAO (Fang et al. 2019). Besides, GLAO may suffer 
from spatial nonuniformity of correction when imaging over a 
large field, so another requirement is that the FWHM difference 
in spatial fields should be as small as possible. 

GLAO with a new WFS schedule has been attempted to 
achieve high-resolution imaging over the super large FOV of 5 
square arcmin for WeHoST. Due to the narrow field of 
commercially available sensors, the WeHoST considers several 
sensors with a small area to cover a wide FOV for wave front 
sensing. Few sensors are insufficient to cover a wide field, and 
more sensors may cause unnecessary problems such as 
complex optical systems. Besides, the extended sources on 
the Sun leads to the use of large format sensors and a much 
higher computational load compared to the point sources. Thus, 
the initial GLAO design of the WeHoST accepts up to five 
WFSs for wave front sensing. As shown in Figure 1, the full- 
field beam can be split up into five subfields (called the 
Subfields1-5), corresponding to five sensors (WFS1-5), and 
considering the imaging uniformity, the positions of Sub- 
fields1-5 are symmetrical with the scientific FOV. The split 
beam will be completed with the help of a custom optical 
structure placed on the focal plane. The planned WFS schedule 
gives WeHoST many unique advantages, especially the 
changeable AO modes and the flexibility to select the detected 
area. 

For “the changeable AO modes,” if one sensor of the WFS 
schedule requires a sufficient number of sub-apertures, the 
WeHoST would achieve diffraction-limited imaging, which 
corresponds to classical AO correction. In this mode, the 
employed WFS1 should only point toward the central FOV ; 
while the other four off-axis sensors, WFS2-5, consider a 
relatively small number of sub-apertures in exchange for a 
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larger FOV. In this mode, the averaged wave front from 
multiple lines of sight only senses the ground-layer turbulence, 
which corresponds to GLAO correction. The WFS1 has a 
maximum detected field of up to 15” x 15” and will sense the 
turbulence in all layers with a high spatial resolution; The 
WFS2-5 have a maximum detected field of up to 40” x 40” 
will sense the turbulence in the ground layer only utilizing up 
to 21 GSs, even at the relatively low spatial resolution, but over 
a wide FOV. 

For “the flexibility to select the detected area,” the operating 
sensors of the WFS schedule are adjustable according to the 
scientific objectives of interest. In the GLAO mode, there must 
be at least one off-axis sensor working to ensure the detected 
wave front from multiple directions; the central sensor is 
allowed to operate or not. Incidentally, the positions of 
Subfields 2-5 are also adjustable. 

The solar AO system commonly use the solar granulations or 
sunspots as the GS. Luckily, since solar GLAO of WeHoST 
receives wavefronts from multiple WFSs, it is reasonable to 
assume that the WFS layout has a positive impact on GLAO 
correction. The relationship between the correction perfor- 
mance and WFS layout should be analyzed. In addition, each 
off-axis WFS2-5 will contain several GSs from different lines 
of sight, thus the GS layout will also affect GLAO 
performance. 

DM is another basic component of the GLAO system and the 
number of actuators determines the correction order of the 
GLAO system. The actuator spacing is related to the value of 
turbulence Fried parameter ro. As the solar AO system is 
normally operating at rp larger than 8 cm, otherwise, the WFS 
would not have enough contrast from the granulation for the 
wave front sensing (Rimmele & Marino 2011). A simple 
calculation can obtain the required number of actuators for 
classical AO, D/rp , which determines that the classical AO 
requires 31 x 31 actuators for DM. By the way, the number of 
sub-aperture for the WFS1 is set equal to the number of 
actuators for DM; whereas for the WFS2-5, a relatively small 
number of sub-aperture exchange for a large detected FOV. 
This set will allow the WeHOoST to observe in the classical AO 
mode and the wide-field GLAO mode, and reach the 
diffraction-limited observation or a wide-field high-resolution 
observation. The limitation of GLAO performance will not be 
the correction ability of DM, but may be the detection ability of 
WFS2-5. DM actuators should be studied according to the 
scientific requirements, and a clear recommendation provided. 

It is common knowledge that the observational spectral lines 
of ground-based solar telescopes should cover different heights 
of the solar atmosphere. In WeHoST, six spectral lines are 
selected to image the solar atmosphere at the photosphere layer 
and the chromosphere layer. The candidate spectral lines cover 
the two white-light bands (360 and 425 nm), Ha line 
(656.3 nm), TiO-band (705.7 nm), Ca I IR line (854.2 nm), 
and He I IR line (1083 nm). The resolution of different imaging 
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Figure 1. Schematic of detected FOV in the science FOV. The light of 
Subfield1 will be imaged onto the on-axis WFS1, and the light of Subfield2-5 
will be into the corresponding off-axis WFS2-5. 


channels may vary significantly, and GLAO should pay more 
attention to the improvement relative to the uncorrected 
atmosphere. 


2.2. Parameters Describing the Atmospheric Turbulence 


The performance of the AO system strongly depends on the 
structure and distribution of atmospheric turbulence. The 
WeHoST project will be mounted at the site of Mt. 
Wumingshan (WMS). From the initial survey in 2012 to the 
fixed-point monitoring in 2014, to current routine observation, 
the high-quality and continuity of the collected data provide a 
scientific, objective and quantitative basis for the comprehen- 
sive evaluation of Mt. Wumingshan as a candidate site for day 
and night astronomical observations (Song et al. 2019). 
However, the available data for measuring the layered 
turbulence profile at this site are limited. In 2020, (Song 
et al. 2020) built a profiler of the differential solar limb with 
differential solar limb fluctuations to determine the turbulence 
profile, and the extended solar limb extends the range of 
separation angles for a higher resolution of the height profile. 
They presented the daytime c? (h) measurement results of Mt. 
Wumingshan on 2019 November 3. The results show that the 
strongest turbulence is mostly concentrated in the near-ground 
layer. We use their measurement results as our turbulence 
parameters. The data consists of 2184 frames of C? (h), which 
are continuously distributed from 0 to 20 km. After removing 
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Table 1 
Turbulence Profiles of Mt. Wumingshan Site 
1 2 3 4 5 6 7 


Height/km 0.14 0.86 2.42 4.82 8.06 11.86 15.94 
Fractional CÊ 0.73 0.08 0.04 0.03 0.04 0.05 0.03 


Note. The used wavelength is 0.5 um. 


some frames with obvious measurement errors out, we take the 
average value of remaining 1681 frames to as the final 
continuous C?(h) profile. The turbulence parameters may be 
limited in their representativeness due to insufficient monitor- 
ing time, but they still hold reference value for the performance 
analysis. Considering that the volume of turbulence could be 
modeled with a sequence of phase screens distributed along the 
optical axis with the knowledge of C- (h), we discretized the 
continuous profile by utilizing the optimal method proposed by 
Wallner et al. (Wallner 1994) and Paxman et al. [Paxman et al. 
1999]. The altitudes and the relative values of g; are listed in 
Table 1. 


3. PSF Estimation by Analytic Method 


Predicting the GLAO performance is important for the 
design of large-aperture solar telescopes. Reliable prediction of 
the image quality delivered by GLAO makes design easier. The 
AO simulations are usually divided into two categories: analytic 
calculations (Tokovinin 2004; Ellerbroek 2005; Jolissaint et al. 
2006) and full-wave propagation Monte Carlo simulations 
(Lloyd-Hart & Milton 2003; Basden & Morris 2016). 
Compared to the intensive computation of Monte Carlo models, 
analytic models require less computation and run faster, are 
generally used to explore large parameter spaces and study 
various performance trade-offs. 

In this paper, we use an analytic model developed by 
Tokovinin (2004), which could give a reliable prediction of 
GLAO performance (Andersen et al. 2006). The residual phase 
fluctuation in the telescope aperture is Gaussian, thus the long- 
exposure PSF is directly related to the aperture-averaged 
structure function. The long-exposure optical transfer function 
of the PSF is 


T) © To(fyexp [-0.5D. f)] (1) 


where To(f) is the optical transfer function of an ideal telescope, 
J is the frequency in image space, A is the imaging wavelength. 
Based on the Wiener—Khinchin theorem, the structure function 
can be acquired by the phase power spectrum. 

In the GLAO filter model, the power spectrums of residual 
and atmospheric phase are related by a multiplicative factor 
|G(f)|. As the turbulence layers are mutually independent, the 
resulting power spectrum is a sum of the power spectra of all 
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layers. For each layer, the residual phase power spectrum is 
Wai f) = Wii IGN (2) 


The atmospheric phase power spectrum of i-th turbulent layer 
is 


W.i(f) = 0.0229(f? + LE én 3) 


where ro; is the Fried radius for layer i, Lo is the outer scale of 
turbulence. 

The |G(f)|?; describes the part of the atmospheric spectrum 
which is left uncorrected by the GLAO. It is related to many 
factors, such as the number of DM actuators, and the guide star 
layout. The |G (f)|?; with K guide stars located at field a, of the 
i-th layer at altitude h is 


K 
Gk =1-2NMnyd Z cos [2nf (a; — ah 
k=1 


K K 
PADL E Tros [2af (ax — ah]. f< 1/24 (4) 

where d = D/(n — 1) (n-the number of DM actuators). The Airy 

function A(f) describes the shape of the telescope aperture. 

Finally, the GLAO corrected PSFs from different lines of 
sight are obtained. Although the temporal behavior of the 
GLAO system and error from wave front sensing are ignored, 
this analytic simulation could give a reliable prediction of 
GLAO performance (Andersen et al. 2006). 

Generally, GLAO provides a relatively modest image quality 
enhancement across a wide field. The FWHM is the most 
practical measures of GLAO performance. Besides, the GLAO- 
on image quality can be equivalent to that obtained under the 
better seeing. The FWHM ratio after and before GLAO can 
reveal the seeing improvement, as well as the correction gain. It 
is worth highlighting that the resolution and spatial uniformity 
of images are required for solar GLAO performance evaluation. 
However, improving the spatial uniformity of correction 
usually comes at the cost of resolution. Although these two 
required performances cannot be optimal meanwhile, it is 
meaningful to understand the characteristics of both perfor- 
mances. Thus, the FWHM and FWHM ratio are employed to 
reveal the image quality and its improvement, as the value 
becomes smaller, the higher resolution and gain will be 
obtained; The difference of best and worst FWHM across the 
whole FOV, FWHMp, extract spatial uniformity, as the value 
decreases, a higher spatial uniformity will be obtained. 


4. Performance Simulation of Solar GLAO 


In WeHOST, many parameters may affect the GLAO 
correction and the relation is complicated. It is necessary to 
perform simulations with different configurations. Also, as 
manufacturing will take a long time, the main parameters of 
GLAO should be recommended clearly in the preliminary 
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Figure 2. Schematic diagram of the GS layout for solar GLAO in WeHosST. 


Table 2 
Parameters of WeHoST’s Initial GLAO System 
Device Photometer 
FOV 5’ x 5! 


705.7 nm 
five sensors: one WFS with 31 x 31 sub-apertures 
(WFS1), and four 
MD-WFSs with 15 x 15 sub-apertures(WFS2-5) 
five subfields: Subfield1 at FOV center, Subfield2-5 at 
75" to the center 
GS 21 natural GSs: one GS at Ssubfield1 center (WFS1), 
one GS at subfield 
center + four GSs at 10” to the subfield center 
(WFS2-5) 
DM a DM with 31 x 31 actuators conjugated to the pupil 


Imaging wavelength 
WES schedule 


Detected subfield 


design study. We will investigate the relation between the 
wide-field GLAO performance and wave front sensing system 
and the fundamental components in GLAO, including the size 
and position of subfields, and the number and position of GSs, 
the number of actuators for DM, the imaging wavelength. 
Specifically, five individual WFSs point to five individual 
subfields: the on-axis WFS sets one GS located in the subfield 
center, and the off-axis WFSs set five GSs as a circle + subfield 
center, as shown in Figure 2. The initial system parameters (as 
listed in Table 2) will be sequentially altered to satisfy the 
GLAO performance requirements. 
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Figure 3. FWHM distribution with different size of Subfield2-5. Left: five narrow subfields with one GS, center: one narrow Subfield1 with a single GS and four wide 
Subfield2-5 with five GSs, right: difference. FWHM and FWHM; are: 0.3259 and 0.2686 (left), 0.3045 and 0.1992 (center). ro = 11 cm. 
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Figure 4. FWHM distribution with different angular directions of Subfields 2-5. Left: 


(left), 0.3052 and 0.2006 (center). rọ = 11 cm. 
4.1. Position and Size of Subfields 


WeHoST’s GLAO will get five sliced subfields, respectively 
located at the field center (Subfield1) + off-axis fields (Subfields 
2-5). In this part, two issues need to be analyzed: the size of 
Subfields 1-5; the position of Subfields 2-5. We will reposition 
the subfields and investigate the relation between the GLAO 
performance and the subfields. The same angular distance is 
used for Subfields 2-5 to allow for correction uniformity. 

For the first issue, there are two potential options that we 
investigate, five narrow subfields; one narrow Subfield! + four 
wide Subfields 2-5. The narrow Subfieldl ensures that 
WeHoST has the option to operate under classical AO 
correction. As shown in Figure 3, the option 1 has a bad 
correction at off-axis FOV, whereas with the option 2, the 
corners of the 5’ FOV display significantly higher resolution, 
which is attractive for solar observations. In contrast to option 
1, options 2 allows the FWHM and FWHM; to be significantly 
improved by 6.6% and 25.8%. A narrow central subfield + 
four wide subfields would enable to provide a much larger 
corrected FOV and uniform correction. 

Then we test GLAO performance with different positions of 
Subfields 2-5, including traversal in angular and radial 
directions. Figure 4 shows the FWHM with Subfields 2-5 at 
two angular directions, where the FWHM and FWHMg are: 
0.3045 and 0.1992, 0.3052 and 0.2006, respectively. Con- 
sidering a square FOV, the Subfields 2-5 located on a square 
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could provide better correction and uniformity. The FWHM 
with Subfield2-5 at different radial positions is shown in 
Figure 5 and it is apparent that the imaging resolution and 
spatial uniformity over a wide field are very sensitive to the 
radial position of Subfields 2-5. As the radial position of 
Subfields 2-5 moves outwards, the correction quality and 
uniformity improve and then decrease, presumably reaching the 
optimal correction around 235”. It is worth highlighting that 
the GLAO system achieves similar correction when the 
Subfields 2-5 are around 200”—270”. This indicates that the 
optimal position of Subfields 2-5 for the GLAO system of the 
WeHOST is relatively insensitive when their positions are close 
to the optimal position, which will reduce the angular accuracy 
requirement for the wave front slicing system. Based on these 
results, we propose O+ 235” as an optimal position of 
Subfields 2-5 for GLAO in the WeHoST. 


4.2. Position and Number of Guide Stars 


For solar GLAO systems, a natural GS is used as the 
reference for atmospheric turbulence compensation. Multiple 
GSs are distributed so as to sample the ground-layer 
turbulence. In WeHOoST, the WFS1 only has one GS in the 
Subfield1 center, and the WFS2-5 has five GSs distributed in 
the Subfields 2-5. The position and number of GSs in the 
Subfields 2-5 should be carefully designed to optimize GLAO 
performance across the wide FOV. We initially used an annular 
constellation with equal angular distance and investigated the 
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ro = 11 cm. 


relation between the GLAO system performance and GS 
radius, as shown in Figure 6. Increasing the GS radius in the 
subfield will improve GLAO performance, and the optimal 
position is around 40”. Then we test the effect of two GS 
layouts: five GSs with equal angular distance versus one GS in 
the center + four GSs with equal angular distance, as shown in 
Figure 7. These two GS layouts have a similar correction, while 
the ring layout provides relatively better correction at the wider 
field. We also test the relation between GLAO system 
performance and different numbers of GSs in Subfield2-5 as 
shown in Figure 8. As the GS number increases, GLAO 
performance will improve, both in absolute value and 
improvement of resolution, as well as the better uniformity 
across the whole field. Beyond 5 * 4 + 1 GSs, there is little gain 
by adding GS. The increasing GSs will bring higher 
performance, but too many GSs will cause redundant costs 
and complexity in the GLAO system, thus the number of GS 
should be appropriate. According to these simulation results, 
we suggest that five GSs are located on a ring at 40” of the 
Subfields 2-5. 


4.3. Number of DM Actuators 


The number of DM actuators determines the order of GLAO 
compensation. As the number of DM actuators increases, the 
more imaging details could be obtained, even if the cost 
increases. Generally, GLAO systems will increase the pitch of 
actuators appropriately to trade-off the number of actuators, 
resulting in cost savings. The effect of the number of DM 
actuators on performance should be investigated, and based on 
it, we could pick the appropriate number of actuators to meet 
scientific requirements. The requirement of diffraction-limit 
imaging determines that the classical AO requires the DM with 
31 x 31 actuators, as well as the 31 x 31 sub-apertures WFS1. 


As shown in Figure 9, the classical AO mode could achieve the 
diffraction-limit resolution over the FOV center. For GLAO 
mode, the performance typically depends on the turbulence 
strength and the proportion of ground-layer turbulence. We 
show the GLAO results versus actuators number over three ro 
in Figures 10 and 11, and draw the following conclusions: 


1. As the number of actuators increases, better GLAO 
performance will be achieved, particularly in perfor- 
mance gain; the benefit of the increasing the number of 
actuator reduces, when the actuators exceeds a certain 
number, there is no increment anymore. 

2. There are two choices for the actuators number: the 
inflection point (15 x 15) and the optimal point (31 x 31) 
between the performance and the actuators number. 

3. With better seeing, the GLAO system will obtain higher 
image quality, more uniform correction, and better 
performance gain; the performance inflection point is 
reached earlier, indicating that better seeing requires 
fewer actuators of DM. 


When selecting the number of actuators, the first consideration 
is the required FWHM after AO correction. Also, the benefit of 
increasing the actuator number mainly concentrates on the 
average performance gain, thus selecting the actuator number also 
should pay more attention to the performance improvement 
across the whole FOV. Besides, the worst seeing should be 
considered, as this determines the boundary of turbulent condition 
that the GLAO can effectively operate under. Figure 11 shows 
that the 31 x 31 actuators could give the FWHM below 0.3” for 
GLAO correction under normal and good seeing (7 > 11 cm). 
Additionally, it is apparent that the FWHM is not very uniform 
across the FOV. This may be due to the detected subfield or GS; 
we will discuss this problem in the next section. 
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Figure 10. FWHM ratio versus the actuators number for different turbulence 
conditions. 


4.4. Imaging Wavelength 


The imaging resolution is also highly dependent on the 
wavelength of the science camera. GLAO design takes into 
consideration the imaging quality in multiple wavelength 
bands, including 360, 425, 656.3, 705.7, 854.2 and 1083 nm. 
As shown in Figure 12, after optimizing the subfields and GSs, 
GLAO could provide good gains in different wavelengths. The 
larger GLAO gain, higher resolution, and more uniformity 
would be obtained at long wavelength. A best gain of 0.32%- 
0.37% is obtained in 1083 nm; as wavelength becomes shorter, 
the resolution is gradually decreased, yet the GLAO system 
still has good gain, compared to the uncorrected atmosphere, 
even in the 360 nm, GLAO correction can improve FWHM by 
approximately 30%-52% across the wide FOV. WeHoST will 
achieve high resolution observation utilizing GLAO + speckle 
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Figure 11. FWHM versus the actuators number for different turbulence 
conditions. Error bars are the best and worst results in one configuration. Solid 
lines, dashed lines, and dotted lines indicate the FWHM results of GLAO 
corrected, uncorrected, and requirement, respectively. The blue, red and green 
lines show the ro of 8 cm, 11 cm, 15 cm. 


imaging reconstruction, and the GLAO results bring confidence 
to the realization of the wide FOV. 


4.5. Performance of GLAO 


The above analysis shows that the GLAO gain is mainly 
affected by the subfields position, the number of DM actuators, 
the imaging wavelength, and slightly by the GS layout; while 
the full-field PSF uniformity is mainly influenced by the 
subfields position, the GS layout, and the imaging wavelength. 
We optimize the GLAO performance and get the final GLAO 
configuration of WeHOoST, as listed in Table 3. We calculate 
the FWHM distribution after AO and GLAO correction, as 
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Table 3 
Parameters of the Optimized GLAO System 


Device 


Value 


Imaging wavelength 
Wave front sensing system 


GS 


360 nm, 425 nm, 656.3 nm, 705.7 nm, 854.2 nm, 1083 nm 
one WFS with 31 x 31 sub-apertures and 15”x 15” subfield at FOV center (WFS1), 
and four off-axis MD-WFSs with 15 x 15 sub-apertures and 40” x 40” subfield at 


117.5” to the FOV center (WFS2-5) 


one GS at subfield center (WFS1), five GSs with the same radius 20” to the 


subfield center (WFS2-5) 


DM 


a DM with 31 x 31 actuators conjugated to the pupil 


shown in Figures 13 and 14. The classical AO looks at the 
diffraction-limit observations at the central FOV, and the wide- 
field GLAO achieves a very homogeneous image quality over 
the entire 5’ x 5’ FOV with the FWHM of 0.3”. 

Actually, GLAO performance depends on the variable 
vertical turbulence distribution, because the turbulence in the 
upper free-atmosphere is not corrected. We consider three 
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possible turbulence distributions based on the typical Hufnagle- 
Valley turbulence model: the weight of the ground layer at 
Okm altitude is 87%, 66% or 56% of the total turbulence, 
respectively; the remaining is in a thin layer from 1 to 10 km at 
every km. The altitudes and the relative values of CŽ of those 
layers are listed in Table 4. We calculate the FWHM 
distribution under three turbulence profile, as shown in 
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Table 4 
Three Optical Turbulence Profile Data 
Fractional C2 0 km 1 km 2 km 3 km 4km 5 km 6 km 7 km 8 km 9 km 10 km 
HV1 0.876 0.045 0.023 0.012 0.006 0.004 0.004 0.005 0.006 0.007 0.007 
HV2 0.666 0.200 0.064 0.024 0.011 0.007 0.005 0.004 0.004 0.005 0.005 
HV3 0.509 0.091 0.024 0.009 0.006 0.006 0.013 0.029 0.057 0.098 0.153 


Note. ro (@500 nm): 0.08 m (bad seeing), 0.11 m (normal seeing), 0.15 m (good seeing). 
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Figure 14. FWHM across the axis FOV. rọ = 11 cm. \ = 705.7 nm. 


Figure 15. Results show that, the optimized GLAO could give a 
high uniformity correction across the whole FOV. If the 
contribution of the ground layer to the total turbulence exceeds 
50%, the FWHM will reduce approximately half; even then, 
the optimized GLAO could give a required resolution value in 
the good seeing; If 60% of the total turbulence is triggered by 
the ground layer, the GLAO has the capability to meet 
resolution requirements under the normal seeing; If the weight 
of ground layer is more than 87%, GLAO could give a 
significantly good correction, even in the bad seeing, the 
imaging resolution could be enhanced by nearly a quintuple 
compared to the uncorrected atmosphere. WeHoST GLAO 
would offer a homogeneous image quality. Bad seeing will 
potentially be eliminated from science observations by the 
improvement from GLAO. 

Based on the design of the WFS schedule, the detected 
subfield can be flexibly moved, which is necessary for 
observing multi-scale structures in the solar atmosphere. 
Figures 16 and 17 show the results with five sizes of FOV 
d’, 2’, 3’, 4’, 5’), where the Subfields 2-5 are pointed to five 
positions (46.8”, 93.6”, 140.4”, 187.2”, 235”). These results 
with several FOVs indicate that the relation between FOV and 
thickness of the compensated turbulence layer in GLAO: a thin 
ground layer allows a larger FOV to be corrected, as well as the 
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Figure 15. FWHM across the axis FOV under different turbulence profile. The 
FWHM without GLAO is: 0.94” (bad seeing), 0.69” (normal seeing), 0.49” 
(good seeing). A = 705.7 nm. 


lower resolution. Besides, we can possess the capability to 
finely adjust the detected subfields within the broad FOV, 
focusing solely on the subfield closest to scientific target. This 
indicates that WeHoST’s GLAO can pay attention to an 
interesting area over a wide FOV. As shown in Figure 18, the 
detected subfield can be manually adjusted along radially and 
angularly, facilitating high-resolution imaging within specific 
areas. In practical observations, the detected area can be 
adjusted flexibly according to the scale and location of the 
scientific object, thereby achieving more targeted and high- 
resolution observations. This flexibility allows for efficient 
utilization of telescope time and resources, ultimately max- 
imizing the quality of scientific outcomes. 


5. Conclusions 


In this paper, we describe an initial AO consideration for the 
WeHoST. The specially designed WFS structure enables the 
implementation of both classical AO and GLAO modes 
without the need for additional AO pathways and devices, 
also enhances the potential of GLAO, particularly in terms of 
multi-field GLAO capabilities and the flexibility to select 
detection regions. We use a first-order spatial filtering analytic 
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Figure 16. FWHM distribution with different FOVs. rọ = 11 cm. À = 705.7 nm. 
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Figure 17. FWHM with different FOVs. ro = 11 cm. À = 705.7 nm. 


simulation model to analyze the performance characteristics of 
correction improvement and uniformity across the whole FOV. 
Simulation and analysis of the GLAO system’s potential 
performance make a more realistic assessment of the system’ s 
capabilities before its development. Key specifications of 
GLAO in WeHoST are thoroughly examined, including the 
configuration of subfields in wave front sensing, the GS layout, 
the number of DM actuators, the FOV, and the imaging 
wavelength. Based on the requirements of WeHoST GLAO, 
we suggest the final GLAO configuration consisting of one DM 
with 31 x 31 actuators conjugated to the pupil, five combined 
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wave front sensors pointing to five individual subfields (one 
on-axis SH-WFS with 31 x 31 subapertures and 15” x 15” 
subfield, and four off-axis MD-WFSs with 15 x 15 subaper- 
tures and 40” x 40” subfield at 117.5” to the FOV center), and 
21 GSs (one GS at on-axis subfield center, and five GSs with 
the same radius 20” to the off-axis subfield center). Under the 
measured turbulence profile of the Mt. Wumingshan site, the 
results demonstrate great potential of the wave front sensing 
system for AO and GLAO applications. The classical AO mode 
will recover diffraction-limited resolution under the normal 
seeing conditions (79 > 8 cm); the suggested GLAO config- 
uration can uniformly improve the seeing across the full 5’ x 5’ 
FOV, reducing the FWHM across the axis FOV to less than 
0.3” in A>705nm (79 >11 cm). Besides, under different 
vertical turbulence distribution, the optimized GLAO could 
achieve significantly great correction and uniformity. Our 
simulation results verify that this new GLAO mode could 
achieve scientific goals for WeHoST. We will also typically 
use post facto image-processing techniques to improve the 
quality, scientific value and visual appeal of solar images. The 
planned WFS schedule provides several unique advantages for 
WeHoST. In particular, the flexibility to select the detected area 
enables observations of multi-scale structures and specific areas 
of interest. These advantages make the WeHoST GLAO 
system practical and unique. GLAO will be implemented on 
WeHoST in the coming years. In the future, we may explore 
the possibility of achieving higher-resolution imaging within 
this FOV, by adding a high-altitude correction loop to the 
GLAO system. We also have taken into account the feasibility 
of incorporating MCAO correction in adjustable field of the 
WES schedule. 
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